The parallel capacitances and resistances of the bulk canola seeds were measured to determine the dielectric properties of canola seeds using a radio frequency dielectric fixture at different levels of temperature (30-80°C) and moisture content (5-11% w.b.), over the frequency range of 5 to 30 MHz. The dielectric constant (ε′) increased from 3.82 to 7.85 with increasing temperature and decreasing frequency regardless of the seed moisture contents. The dielectric loss factors (ε") of the bulk seeds increased with increasing temperature and moisture content and decreased with frequency, ranging between 0.11 and 13.0. The penetration depth of the electromagnetic power in the bulk seeds varied from 1.30 to 48.0 m depending upon temperature, frequency, and moisture content. The distinct correlation of sensitivity of dielectric properties with moisture content was not observed except for that of penetration depth. The dielectric properties of the bulk canola seeds were higher than those of other oil seeds at various moisture contents; it might be affected by relatively higher linolenic acid content among other fatty acids. The large difference of the dielectric loss factors of insect pests cf. those of canola seeds showed potential for radio frequency disinfestation based on selective heating of insect pests in the canola seeds. The dielectric properties determined can be used for simulating temperature distribution within the bulk canola seeds during the radio frequency process.
INTRODUCTION
Approximately 85% of canola produced in Canada is exported to markets around the world, exports with values in the billions of dollars. Canadian canola industries (worth $983 million) processes canola seed into meal and oil, which are subsequently used for manufacturing many other products. The contribution of canola to the Canadian economy is $15.4 billion each year including more than $8.2 billion in wages, and 228,000 Canadian jobs. [1] The average annual losses of oilseed production due to pest insect damage range from 8 to 10% causing millions of dollars in damage. [2] Fumigation with methyl bromide has been widely used to disinfest various insect pests found in the oilseeds and cereal grains as it has been regarded as the most practical method for disinfestation. However, this method is environmental unfriendly and health hazardous and may leave an excessive insecticide residue in the treated products. [3] Conventional disinfestation methods of fumigation that use methyl bromide were banned since the Montreal Protocol of 1987 [4] and subsequent amendments because of its destructive effect to the ozone layer. [5] Researchers have applied other conventional treatments such as ionizing radiation, hot air, and controlled atmosphere or cold storage as possible substitutes for the chemical treatments, however, all of these methods still leave definite room for further improvement.
One of the alternative treatments for disinfestation is radio frequency (RF) heating, one of the several EM (electromagnetic)-based electrical heating methods. The key advantage of RF heating over the thermal gradient driven conventional heating methods is that it produces a fast volumetric heating. As a result, this method has been thought as a way to overcome the problems with conventional thermal disinfestations techniques. [6] Jiao et al. [7] have shown significant reduction in treatment time using RF heating compared to existing heating methods. Because of the larger penetration depth of RF waves (on the order of meters), higher volume of grains could be disinfested as needed for the grain handling industries. Another important advantage of RF heating is the selective heating of the insect pests, in which the insects in grains would be destroyed at the temperatures lethal to them with a minimal or tolerable thermal degradation to the grain qualities. Although the frequency is the same, the ε 00 and ε 0 for the insect and grain are different as these dielectric properties depend on various material properties such as concentration of ion, moisture content (MC), and density. If the ion concentration and MC of the insect are higher than those of the grain, RF heating can be very effective for disinfestations. Further, the grains can be efficiently dried to a desired level while it is being disinfested.
The objectives of this study were (1) to measure and analyze the dielectric properties of the bulk canola seeds at various temperatures, MCs, and frequencies, (2) to analyze dielectric dependence on fatty acids, (3) to determine the penetration depth of EM energy in bulk canola seed, (4) to develop regression models of the dielectric properties, and (5) to demonstrate a feasibility of RF disinfestation based on selective heating.
MATERIALS AND METHODS

Theory
The permittivity of a dielectric material, ε is defined as [8] :
where, The ε 0 (dielectric constant) represents the polarization of a material, or the ability of a material to store electrical energy or charges within the applied EM field. The ε 00 (dielectric loss factor) expresses quantity of heat dissipation that results from the conduction loss of charges, and dipolar or ionic losses, in other words the ability of the material to dissipate the electrical energy into heat energy compared to vacuum. Generally, dipole rotation loss (ε d ″) are and ionic conduction loss (ε σ ″) summed to the total ε″, ε 00 ¼ ε 00 σ þ ε 00 d . The penetration depth of an EM wave within dielectric materials is determined by the frequency, and the dielectric properties of the material in free space. [9] The following equation was used to estimate P d : [10] DIELECTRIC PROPERTIES OF BULK CANOLA SEEDS
where, c = the speed of light in free space (3 Â 10 8 m=s), ε 0 = the dielectric constant, ε 00 = the dielectric loss factor, and f = the frequency (Hz). The ratio of temperature increment rate of insect to that of canola seed was also estimated following the procedure described by Von Hippel. [10] The average power generated inside a material was calculated as shown in Eq. (3). [8] 
where, P avg = the average power density (W m-3 ), ε°= vacuum permittivity (8.85 × 10 −12 F m −1 ) C p = the specific heat of the material (J kg -1 C -1 ), ρ = the bulk density of the material (kg m −3 ), E = the electric field strength (V m -1 ), f = the frequency (Hz), ÁT =Át = the rate of temperature increase. The power dissipation ratio (P ic ) of insect (P avg i ) to canola seed (P avg c ) at 27.12 MHz was described using Eq (4) as follows:
where, E i = the electric field strength within insect bodies (V m -1 ), E c = the electric field strength within canola seeds (V m -1 ), ε 00 i = the loss factor of the insect, ε 00 c = the loss factor of the canola seed. Electric field strength (E) within materials was estimated with a theoretical model Eq. (5), derived from basis of interaction of EM waves. [11] 
where, ε host and ε guest are the permittivity of the host and guest material. (i.e., grain and insect, respectively) Eq. (5) was transformed into Eq. (6) based on assuming both the canola seed and insect are homogeneous dielectrics, and the spherical shape of insect is surrounded by air.
ε 0 was a substitute of ε for low loss materials ( tan δ ¼ ε 00 =ε 0 ( 1) in Eq. (6) with an acceptable error in E ic . The ratio of temperature increment rate of insect to that of canola seed depicted as ÁT ic was derived from Eqs. (3) and (4) as shown in Eq. (7) .
where, (ÁT =Át) i = the rate of temperature increase of insect ( C s -1 ), (ÁT =Át c = the rate of temperature increase of canola seed ( C s -1 ), ρ i = the density of insect (kg m −3 ), ρ c = the density of canola seed (kg m -3 ), C pi = the specific heat of insect (J kg -1 C -1 ), C pc = the specific heat of canola seed (J kg -1 C -1 ). Based on the above equations, a selective heating effect can be maximized depending on the values of E ic and ε 00 i /ε 00 c .
Materials
Top quality canola seed (B. napus L.) at initial MC of 9% was supplied by industrial partner Viterra Inc., Regina, SK, Canada. The dielectric properties, specific heat, and densities of rusty grain beetle (C. ferrugineus S.) as a function of temperature and MC were obtained from Shrestha and Baik. However, the effect of temperature on densities of rusty grain beetle seemed negligible, and the densities were, therefore, measured by Von Hippel at room temperature. [10] 
Sample Preparation
A standard method [12, 13] was used to determine the MC of the bulk canola seeds. To calculate the average initial MC, seeds weighing 10 g were poured into each of five aluminum moisture dishes followed by placing them in a hot air oven-Despatch, Despatch Industries, MN, USA for 24 h at 103°C. The samples of the canola seeds were prepared at different MCs, 5, 7, 9, and 11% wet weight basis (weight of water/sample weight × 100%) separately. Samples of the canola seeds at 5 and 7% were prepared by drying a known mass of canola seeds at initial MC (9%) to the pre-calculated weight in a hot air oven set up at 40°C. Samples at 11% MC were prepared by spraying a pre-calculated amount of distilled water on known mass of the seeds at initial MC contained in a glass jar. The jar was constantly and manually shook and rotated while spraying with water. The air-tight jars were left at room temperature (23°C) for 3 days with periodic tumbling to achieve an equilibrium MC followed by cold storage (4°C) until used. A digital scale with an accuracy of ± 0.01 g (Symmetry, PR4200, Cole-Parmer Instrument Co., IL, USA) was used for all weighing. The samples from the cold storage were left at room temperature for 1 h and the final MC of samples were checked before using them.
Specific Heat, Densities, and Porosity of Canola Seeds
A differential scanning calorimeter (DSC; Q2000, TA Instruments, Inc., New Castle, Del) was used to measure heat capacity of the materials. A hermetically sealed aluminium pan including about 10 mg ( AE 0.01 mg) of sample was loaded into the DSC along with an identical blank aluminium pan for reference. Heating rate was kept constant at 5°C min -1 . Heat capacities of canola seeds at MCs of 5, 7, 9, and 11% were measured at 30 to 75°C. All data were obtained from five replicates. The bulk density of canola seeds was calculated by measuring mass of known volume of bulk canola seeds in a precision steel cylinder of known volume (500 AE 0.5 mL). The mass of bulk canola seeds was measured after leveling out the top surface with a steel cylindrical bar. An average of five replicates was used.
To determine particle density, a gas pycnometer (QuantaChrome Multipycnometer, QuantaChrome Corporation, Boynton Beach, FL, USA) was used. A certain mass of the seeds was poured into a large cell after calibration of the meter. Nitrogen gas flowed into the reference cell until the pressure reached to about 17 psig. Then, nitrogen gas was allowed to flow between the reference cell and the large cell containing the canola seeds. The initial gas pressure decreased to a new lower equilibrium pressure depending on the volume of the canola seeds based on the Archimedes principle. A gas equation was applied to calculate the particle volume using the initial and final pressures, and the known volumes of the reference and sample cells. The porosity of bulk canola seeds was calculated as:
where, ρ b is bulk density and ρ p is particle density.
Dielectric Properties
The capacitance (C p ) and the resistance (R p ) of bulk canola seeds at different MCs, temperatures, and frequencies were measured using a dielectric test fixture (DTF; 16452, Agilent Technologies, Palo Alto, CA), a computer controlled precision LCR (Inductance, Capacitance, and Resistance) device (4208A, Agilent Technologies, Palo Alto, CA), and other peripheral devices as shown in Fig. 1 . To increase the sample volume, and thereof to minimize experimental error, all factory supplied spacers (thicknesses of 1.3, 1.5, 2, and 3 mm) were stacked together ( Fig. 1 ) to obtain a maximum volume of 16.4 mL. [14] The ε of known air (low loss) to water and ethanol media (lossy) was measured using both 3 mm and 7.8 mm spacers (normal and modified fixtures) for the calibration of the system in measuring the C p and R p . [15] The largest volume of the liquid fixture otherwise would be 6.8 mL using the 3 mm-spacer.
All the parts of the fixture two O-rings, top and bottom halves of the fixture, and spacers, were washed with warm soap water, rinsed using distilled water, and then dried completely before using them. Using the known volume of the fixture, an amount of the canola seeds was calculated from the seed bulk density, and was poured into the fixture so that it is filled completely with several gentle taps to remove voids as much as possible, then closed tightly (Fig. 1 ). The tightly closed fixture was visually inspected to make sure that the top and the bottom halves of the fixture were leveled along the spacer without leaving any uneven gaps assuring the two electrodes were parallel each other.
From the preliminary experiments, it was found that 1 h was sufficient to increase the sample temperature from 23°C to any target temperatures up to 80°C in the temperature and humidity chamber (Espec, SH-641, Espec Corp., Japan) with an accuracy of ± 0.1°C. The humidity function of the chamber was turned off. The four BNC female connectors of the fixture containing the canola seeds were connected to corresponding male connectors of 1 m 4-terminal BNC cable (16452-61601, Agilent Technologies, Palo Alto, CA) followed by placing it on the chamber shelf. The other ends were connected to the LCR device. To minimize biased error of the LCR device, it was calibrated following the manufacturer's user guide. [15] The random error of the system ranges 3 to 28%, depending upon the frequency and temperature. [15] The measured C p and R p were used to calculate ε 0 and ε 00 of the test bulk seeds using Eqs. (9) and (10) . All data were obtained using the 
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YU, SHRESTHA, AND BAIK same batch of canola seeds. To minimize the random error, an average of five replicates was used throughout this work unless otherwise mentioned. [15] 
where, ε' = dielectric constant, d = distance within two electrodes (m), C p = parallel capacitance (F), A = electrode area (m 2 ), ε o = air permittivity, 8.85 × 10 -12 (F/m), ε'' = dielectric loss factor, f = frequency (Hz), and R p = parallel resistance (Ω).
Penetration Depth (P d )
Penetration depth is an important parameter to evaluate heating uniformity within materials, and to design efficient EM heating units. Penetration depth in the bulk canola seeds at different MCs, temperatures, and frequencies were calculated according Eq.
(3). [9] An average of five replicates was used.
Statistical Analysis
The mean values and the standard deviations (SD) of the measured dielectric properties were calculated. The effects of MC, frequency, and temperature on the dielectric properties of the bulk canola seeds were investigated using the factorial design. The modeling was performed using the stepwise regression analysis in SPSS 20.0 (SPSS Inc., Chicago, IL, USA).The regression model derived from experimental data using SPSS Statistics 20.0 (SPSS Inc., Chicago, IL, USA) was used to estimate relative sensitivities of the outputs (calculated values from the regression model) of dielectric properties and penetration depth to temperature at various MCs at 27.12 MHz. It was described as the ratio of the percent variation of output (dielectric properties) to that of input (temperature) with different MCs. The percent variation of output and input was calculated as Eq. 
RESULTS AND DISCUSSION
Density and Porosity of Canola Seeds
Measured bulk and particle densities and calculated porosities as functions of temperature and MC were listed in Table 1 . In general, both densities decreased with temperature. Increased particle size of canola seed increased the volume of air voids and decreased the mass of canola seeds due to the evaporation of moisture resulting in decreasing densities. The bulk and particle densities ranged from 655 to 670 kg·m -3 and 1064 to 1137 kg·m -3 , respectively. The porosity of bulk canola seeds ranged from 38.29 to 41.63. It decreased with temperature and MC due to decreased ration of ρ b to ρ p .
Dielectric Constant (ε 0 ) of Canola Seeds Figure 2 shows the dielectric constant (ε 0 ) of bulk canola seeds as a function of frequency, and temperature for four levels of MCs. The ε 0 decreased almost linearly with increasing frequency for all MCs. It was attributed to rapidly alternating EM fields at higher frequencies significantly diminishing reorientation of the dipoles, distortion of ionic bonds, and the interfacial polarization mechanism within the test material resulting in less polarization. [16] This phenomenon was in agreement with the Debye's equation [17] which indicates the decrease of the ε 0 with increasing frequency. Pace et al. [18] also observed a similar trend, in which a sharp decrease of the ε 0 was observed with further increase of the frequency after general plateau from 1 kHz to 10 MHz. The ε 0 increased with increasing temperature at different MCs. It was attributed to increased level of dielectric dispersion because of higher ionic conductivity at higher temperatures. [19] Ionic conductivity normally increases with increasing temperature [20] The ε 0 increased with MC at different frequencies and temperatures. The added moisture enhanced the ionic, and dipole polarizations in the bulk canola seeds resulting in increasing storage of electrical charges under the applied EM field. As expected, the ε 0 at 11% MC was higher than that of any other MCs at any given frequencies and temperatures. The values for dielectric constant ranged from 3.82 to 7.85.
Dielectric Loss Factor (ε 00 ) of Canola Seed Figure 3 illustrates the dielectric loss factor (ε 00 ) of the bulk canola seeds as a function of frequency and temperature at four levels of MC. The ε 00 decreased with increasing frequency with a dramatic drop to over 50% at 5 MHz to 13.56 MHz regardless of temperature and MC. Diminishing movements of the dipoles and ions due to the rapidly alternating EM fields with increasing frequency resulted in lower ionic conductivity and less conservation of EM energy to heat, consequently decreasing its values. Further increase of frequency to 30 MHz exhibited almost linear decrease of the ε 00 . The ε 00 decreased from 13.03 to 0.112 corresponding to increasing frequency for all MCs, and it almost linearly increased in proportion to increasing temperature and MC. The increased loss factor at higher temperature was attributed to higher oscillation of the dipoles and movement of the ions resulting from higher thermal agitation of the molecules and ions. [20] [21] [22] [23] The ionic conductivity also mainly affects the ε 00 at low frequency range below 200 MHz. [22, 24] The ε 00 is composed of ionic loss and dipole loss. Ionic loss is caused by migration of ions, and dipole loss by the rotation of water dipoles within alternating electric field. Therefore, the lower viscosity has improved movements of ionic and dipolar enhancing the ε 00 . The ε 00 was enhanced by increasing number of dipoles and free ions in the moisture. The penetration depths decreased with frequency, temperature and MC as shown in Fig. 4 . As explained earlier, the dielectric properties increased with temperature and MC. But, the rapid increase of ε 00 compared to ε 0 increased the values of ε″/ε′ resulting in decreasing penetration depths. The values for P d ranged from 1.30 to 48.0 m. A maximum feasible electrode gap (less than 1.30 m) and sample size in designing the application chamber can be suggested from the results of P d for uniform RF treatment for disinfestation of canola seeds.
Statistical Analysis and Models
Regression models for the prediction of the ε 0 and ε 00 are given by Eqs. (12) and (13) . The statistical data, R 2 , RMSE, p-value, and DF for errors are presented in Table 2 . 
where, ε 0 ¼ dielectric constant, ε 00 ¼ dielectric loss factor, T = temperature (°C), MC = MC (%), f = frequency (MHz). Based on the p-value of each component, the ε 0 of the bulk canola seeds seems to be affected more by MC and temperature, while MC and frequency seem to most affect ε 00 . Although the p-values of MC and temperature are greater than 0.05 they were included in the regression models considering their theoretical and reported effects. [14] The higher values of R 2 , lower values of RMSE, and p-values < 0.0001 of the models confirmed that these equations could FIGURE 4 Electromagnetic power penetration depths in the bulk canola seeds as a funtion of temperature, MC, and frequency.
DIELECTRIC PROPERTIES OF BULK CANOLA SEEDS be used to predict the dielectric properties of bulk canola seed. These developed regression models also will be applied to dynamic simulation of selective heating. The relatively more sensitive dielectric constants of canola seeds were observed at 9% MC with increasing temperature and at 5% MC with decreasing temperature from reference temperature (55°C) compared to those at the other MCs. The sensitivities of ε 0 of canola seeds at 9 and 5% MC were around 1.7 and 1.5 times higher than those observed at 7 and 11% MC and at increased and decreased temperatures (± 45.5%). The dielectric loss factors of canola seeds at 5% MC were observed to be relatively more sensitive. The sensitivities of ε 00 of canola seed at 5% MC were approximately 2.0 and 1.5 times higher than those observed at 7 and 11% MC and at increased and decreased temperature (± 45.5%). The variation of penetration depth was much higher in low MC samples (5%) than in high MC samples (11%). The variation difference was around 290% between samples of 5% MC and 11% MC at 30°C decreased by -45.5% from the reference temperature. This means penetration depth at lower MC is more sensitive to temperature variation. The higher sensitivity of penetration depth to temperature change suggests that more attention should be given in determining the size of an industrial RF disinfestation chamber for low MC canola seeds.
Sensitivity Analysis
Effect of Linolenic Acid
The canola seed consists of moisture, ash (minerals), oil, protein, and glucosinolate. [25] Oil is the largest component by mass, [26] and it contains caprylic, capric, palmitic, stearic, oleic, linoleic, and linolenic acids. The ε 0 of these acids at 1 MHz at 75°C were found from Lizhi et al. [27] and presented in a bar-chart ( Fig. 6 ). Linolenic and caprylic acids showed the highest values of the ε 0 , 2.493 AE 0.001 and 2.491 AE 0.001 among the fatty acids. Most oil seeds have similar percentage of caprylic acid. The percentages of linolenic acid in soybean (5.36%) and canola oils (7.51%) were much higher compared to those of other oil seeds (0.055-0.31%) as indicated in Table 3 . [27] The ε 0 of fatty acid increases with degree of unsaturation or the number increasing of double bonds of unsaturated molecules. [18, 27, 28] The linolenic acid has three double bonds of unsaturated molecules more than other fatty acid resulting in the higher ε 0 . This could be one of the reasons of the higher ε 0 of the canola oil relative to other oil seeds.
It should be noted that other ingredients of canola seed potentially affect ε 0 along with the linolenic acid although we suspect the effect might be limited. Table 3 shows the dielectric properties of canola seeds are higher than other oil seeds in accordance with the same reason at different MCs, 23-30°C, and 10 MHz. [1, [29] [30] [31] [32] 
Comparison of Dielectric Properties of Bulk Canola Seeds to Those of Other Oil Seeds
The dielectric properties of various oil seeds were obtained from the published works [29, 31, 33] to compare with the measured dielectric properties of bulk canola seeds, which were indicated in Table 3 . As shown in Table 3 , the range of total oil content was 38.4 to 49.7% except for soy bean (6.8%). the dielectric properties of the bulk canola seeds had the highest values of the dielectric properties (ε 0 = 5.46, and " = 1.50) among peanut, safflower, and soy bean seed. The dielectric properties of canola seed and soy bean which have relatively high linolenic acid content were around two or three times higher than those of other oil seeds. As mentioned above, the linolenic acid content of the oil seed could be one of the important factors affecting the dielectric properties at the specific frequency (~10 MHz) and temperature (23-30°C) ranges studied.
Selective Heating
As shown in Fig. 7 , the electric field strength (E) within the insects was weaker than that within the canola seeds by around 0.46-0.73 times. Nevertheless, power dissipation (P) in the insects was higher comparing to that within the canola seeds by approximately 1.7-17.3 times (Fig. 8 ). The dielectric loss factor of the insects was higher than that of the canola seeds by around 6.8-43.9 times ( Fig. 9 ). As described by Eq. (7), temperature increment in an insect-canola seed mixture (ÁT ic ) is affected by power dissipation (P ic ), bulk densities (ρ) of the canola seed and insect, and specific heats (C p ) of these ( Fig. 10) . The ratio of the bulk density (ρ) and specific heat (C p ) of the canola seed to those of the insect calculated using data from Table 1 was less than 1 (approximately 0.65 -0.86). Therefore, power dissipation (P ic ) was the primary affecting factor for ÁT ic . The calculated temperature increment rate of the insect bodies was higher than that of canola seeds by nearly 1.4 to 10.1 x. This suggests that the insects can be heated selectively within the canola seeds. Especially, insects in low MC canola seeds can be heated more selectively. It should be, however, noted that this calculation did not consider any conductive heat transfer (cooling) from hotter insect bodies to colder canola seeds. In real situnations, the difference between temperature increment rates of insect bodies and canola seed mixture could be smaller. The real selective heating efficiency can be determined empirically or theoretically based on numerical simulations. 
